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Microtubules form a multifunctional 
filamentous structure essential 

for the cell. In interphase, microtubules 
form networks in the cytoplasm and play 
pivotal roles in cell polarity and intracel-
lular transport of various biomolecules. 
In mitosis, microtubules dramatically 
change their morphology to assemble the 
mitotic spindle, thereby pulling the chro-
mosomes toward the spindle poles. One 
long-standing question is how micro-
tubules are reorganized upon mitotic 
entry. Yeast cells undergo closed mitosis, 
in which the nuclear envelope persists, 
whereas higher eukaryotes undergo open 
mitosis, in which the nuclear envelope 
breaks down. Microtubule reorgani-
zation must be controlled by selective 
localization of microtubule-assembly 
factors. Recent findings in fission yeast 
indicate that several microtubule-asso-
ciated proteins (MAPs) shuttle between 
the cytoplasm and the nucleus through 
regulation by Ran GTPase, the universal 
organizer of nucleocytoplasmic trans-
port. Furthermore, the synergistic inter-
play of Ran and cyclin-dependent kinase 
(CDK) induces the critical spatiotempo-
ral shift of modes in microtubule assem-
bly from cytoplasmic arrays to nuclear 
spindles. A MAP complex Alp7/TACC-
Alp14/TOG undergoes nucleocytoplas-
mic shuttling in interphase, whereas it is 
retained in the mitotic nucleus through 
a decrease of its nuclear export by CDK. 
Our understanding of how microtubules 
are reorganized during the cell cycle is 
beginning to emerge.
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Ran: A Universal Regulatory 
System for Spindle Microtubule 

Assembly

Microtubules dramatically change their 
overall configuration during the cell 
cycle.1,2 In interphase, microtubules form 
a cytoplasmic array—a mesh-like struc-
ture in higher eukaryotes and a cylin-
drical array of microtubules along the 
longitudinal cell axis in the fission yeast, 
Schizosaccharomyces pombe (Fig. 1A). 
Upon entry into mitosis, the cytoplasmic 
array is transformed into the bipolar spin-
dle microtubules by the action of many 
different factors. The γ-tubulin complex 
is required for microtubule nucleation, 
whereas a diverse set of microtubule-
associated proteins (MAPs), including 
the kinesin family motor proteins, is 
required to produce the proper bipolar-
ity and dynamics of spindle microtubules. 
MAPs also include proteins that stabilize 
or destabilize the microtubule structure; 
some of these proteins are regulated by the 
GTPase, Ran.

Ran influences many cellular pro-
cesses including nuclear import and 
export of proteins, the construction and/
or integrity of the nuclear envelope, and 
spindle formation during mitosis. In 
interphase, GDP-bound Ran resides in 
the cytoplasm. In the nucleus, GDP on 
Ran is exchanged for GTP by the action 
of chromatin-bound RanGEF, the gua-
nine nucleotide exchange factor of Ran, 
yielding Ran-GTP. The nuclear envelope 
serves as a nucleocytoplasmic barrier for 
Ran-GTP. In mitosis of higher eukary-
otes, the nuclear envelope breaks down, 
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pim1/RanGEF mutant phenotype might 
be caused by the failure to transport Ran 
targets into the nucleus. We have investi-
gated Alp7 as a potential Ran target. Alp7 
(also called Mia1) is an ortholog of the 
transforming acidic coiled-coil (TACC) 
protein conserved among eukaryotes.14 In 
all organisms examined, TACC forms a 
complex with another conserved MAP, the 
tumor-overexpressed gene (TOG) protein 
(the Xenopus ortholog is XMAP215).15,16 
This microtubule-associated protein com-
plex, TACC-TOG, localizes to microtu-
bules and centrosomes. Fission yeast Alp7/
TACC also forms a complex with Alp14/
TOG and localizes to microtubules, SPBs 
and kinetochores.14,17,18

Both alp7 and alp14 mutants show 
fragile spindle formation upon entry into 
mitosis, which results in frequent chromo-
some missegregation.14,17,19 This phenotype 
is reminiscent of that of the pim1 mutant. 
Alp7 accumulates in the nucleus during 
mitosis but not in interphase (Fig. 1C)  
and contains a canonical classical nuclear 
localization signal (NLS) that is responsible  

from chromosomes. Despite these struc-
tural differences, the Ran machinery is 
evolutionarily conserved as a common 
scheme to promote spindle microtubule 
assembly. In fission yeast, molecules 
involved in Ran regulation, such as 
RanGEF/RCC1, RanGAP (the GTPase 
activating protein) and Ran binding pro-
teins (RanBPs) are conserved, and spindle 
formation is defective in the mutants of 
Spi1/Ran or Pim1/RanGEF.10-13 This 
indicates that the Ran-dependent micro-
tubule formation system is conserved in 
fission yeast, although orthologs of ver-
tebrate Ran target SAFs (e.g., TPX2 and 
NuMA) are absent in yeast.

Alp7/TACC is a Critical Target  
of Ran in Fission Yeast

Because the nuclear envelope does not 
break down during mitosis in fission 
yeast, it is plausible that some key fac-
tors for microtubule regulation must be 
transported into the nucleus to promote 
nuclear spindle formation. Thus, the 

but a molecular gradient of Ran-GTP 
forms around the chromatin (Fig. 1B). 
Addition of chromatin3 or Ran-GTP4,5 
into Xenopus egg extract induces micro-
tubule formation in the absence of cen-
trosomes, indicating that Ran possesses 
an intrinsic activity to promote spindle 
formation (Fig. 1B). Ran targets several 
proteins that have spindle formation activ-
ity, such as TPX2 and NuMA (collectively 
called the spindle assembly factor, SAF), 
and bipolar spindle assembly is induced by 
releasing these targets at the appropriate 
sites in the cell (reviewed by Karsenti and 
Vernos,6 Zheng,7 Kalab and Heald,8 and 
Clarke and Zhang,9 for instance).

Over the last decade, many studies in 
somatic cells have established that spindle 
microtubule formation can be induced 
both from the centrosomes and around 
the chromosomes. In fission yeast, it is 
believed that nucleation of spindle micro-
tubules is exclusively dependent upon the 
spindle pole body (SPB), a centrosome-
equivalent structure, and there is no evi-
dence that microtubules are nucleated 

Figure 1. Microtubule reorganization upon mitotic entry. (A) Reorganization of fission yeast microtubule structures during the cell cycle. The 
cytoplasmic array of interphase microtubules is remodeled into the mitotic nuclear spindle. N, Nucleus; C, Cytoplasm; MT, microtubules; SPB, 
Spindle Pole Body. (B) In Xenopus egg extract, the targets of Ran for microtubule assembly (called SAF), such as TPX2, are released around 
chromosomes by GTP-bound Ran, which forms a molecular gradient in the vicinity of the chromatin. Imp, Importin. (C) Localization of Alp7-YFP 
in interphase and mitosis. The arrow indicates nuclear accumulation of Alp7-YFP. Microtubules were visualized by mRFP-Atb2, whereas SPB was vi-
sualized by Cut12-CFP. Bar, 5 µm. (D) Diagram of Alp7/TACC structure. Note that the “Coiled-coil” region represents the conserved “TACC” domain. 
Exp, Exportin.
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Alp14 complex might transport some 
materials from the nucleus to the cyto-
plasm that are important for formation 
and maintenance of cytoplasmic microtu-
bules. This possibility might be tested if 
it is possible to express two kinds of engi-
neered Alp7, one constitutively nuclear and 
another constitutively cytoplasmic. This 
would tell us the meaning of Alp7-Alp14 
shuttling itself. Alternatively, maintaining 
a certain amount of the Alp7-Alp14 com-
plex in the nucleus by constant influx dur-
ing interphase might facilitate more rapid 
mitotic spindle formation upon mitotic 
entry. The gradual accumulation of the 
Alp7-Alp14 complex in the nucleus might 
transform the molecular environment of 
the nucleus, thereby specifying the timing 
of mitotic entry at G

2
/M transition.

Cyclin-Dependent Kinase (CDK)  
is Required for Nuclear  
Accumulation of Alp7

The cell cycle-dependent localization of 
Alp7-Alp14 is established by Cdc2, the 
fission yeast CDK1. When the expression 
of B-type cyclin Cdc13 is artificially shut 
off in meiosis, Alp7 does not accumulate 
in the nucleus.26 One might argue that 
this is simply due to the failure to enter 
meiotic M phase in the absence of Cdc13, 
rather than support for the requirement of 

nucleocytoplasmic shuttling of this com-
plex during interphase is crucial for inter-
phase microtubule organization.

Nuclear Export of Alp7 may be 
Negatively Regulated in Mitosis

The continuous nucleocytoplasmic shut-
tling of the Alp7-Alp14 complex suggests 
two possible strategies for how this com-
plex preferentially localizes to the nucleus 
only during mitosis: (1) acceleration of 
nuclear import during mitosis, and/or 
(2) the inhibition of nuclear export dur-
ing mitosis. It is experimentally difficult 
to discriminate these possibilities, but our 
results suggest the second possibility.26 
We have found that, during interphase, 
Alp7-Alp14 enters the nucleus in an NLS-
dependent manner and is exported to the 
cytoplasm in an NES-dependent man-
ner. Upon entry into mitosis, the com-
plex is retained in the nucleus to execute 
mitotic function, but NLS activity is not 
specifically potentiated. This suggests 
that the NLS is not regulated but instead 
that NES activity may be under cell cycle 
regulation.

The dynamic shuttling of Alp7-Alp14 
thus raises the issue of why Alp7-Alp14 
enters the nucleus in interphase at all. We 
are currently unable to address this issue. 
The constitutive shuttling of the Alp7-

for nuclear entry of the Alp7-Alp14 com-
plex (Fig. 1D). Importantly, artificial 
nuclear targeting of Alp7 by fusion of part 
of the Importin α protein substantially 
overcomes the spindle defects of the tem-
perature-sensitive pim1-F201S mutant; in 
particular, the amount of microtubules 
formed around nuclear SPBs is restored 
to the wild-type level.20 Thus, the Alp7-
Alp14 complex is a critical target of Ran 
GTPase for spindle formation in fission 
yeast. Surprisingly, TACC-TOG has never 
been identified as a Ran target in other 
organisms. It should be noted, however, 
that human TOG interacts with HURP, 
a target of Ran.21,22 In addition, TPX2, 
another target of Ran, binds to and acti-
vates Aurora A kinase,23 which in turn 
phosphorylates and activates TACC.24,25 
In fission yeast, therefore, it is possible that 
Ran directly targets Alp7-TACC/Alp14-
TOG because the intermediating factors 
in humans, such as Aurora A and HURP, 
do not exist in fission yeast.

Alp7 Undergoes Nucleocyto- 
plasmic Shuttling in Interphase

Alp7-Alp14 localizes to the nucleus only 
during mitosis, whereas this complex 
remains in the cytoplasm during inter-
phase (Fig. 1C).14,20 Thus, determining 
how the cell cycle-specific localization of 
this MAP complex is achieved will help 
elucidate the mechanisms underlying 
microtubule remodeling upon mitotic 
entry. The most straightforward scenario 
is that Alp7-Alp14 enters the nucleus upon 
the onset of mitosis. However, it turns 
out that this complex actually enters the 
nucleus even during interphase but is 
immediately exported out of the nucleus 
by its intrinsic nuclear export signal (NES) 
activity (Fig. 2).26-28

As discussed above, Alp7/TACC- 
Alp14/TOG promotes assembly of the 
mitotic spindle. This complex is also 
essential to establish cytoplasmic micro-
tubules in interphase, as shown by 
the alp14 mutant that exhibits fragile 
and fragmented cytoplasmic microtu-
bules.17 Indeed, artificial targeting of the 
Alp7-Alp14 complex to the nucleus in 
interphase leads to crumbling of cyto-
plasmic microtubules reminiscent of that 
observed in the alp14 mutant.20,26 Thus, 

Figure 2. Nucleocytoplasmic regulation of microtubule-associated proteins. Model illustrating 
how microtubule-associated proteins in fission yeast are regulated in a spatiotemporal manner. 
Alp7/TACC-Alp14/TOG and Klp5-Klp6 (kinesin-8s) are targets of Ran in fission yeast and undergo 
nucleocytoplasmic shuttling during the cell cycle. Alp7-Alp14 is retained in the mitotic nucleus 
through inhibition of nuclear export by the cyclin-dependent kinase 1 (CDK1). See text for 
Klp5-Klp6 and Ase1. ‘I’ represents the destination of the protein in interphase, whereas ‘M’ is the 
destination in mitosis.
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lacking the intrinsic NLSs would cause 
failure to assemble the heterodimer in 
the nucleus. Heterodimerization of Klp5 
and Klp6 is essential to regulate micro-
tubule dynamics; in each mutant the 
frequency of both catastrophe and rescue 
of microtubules is reduced, resulting in 
less dynamic microtubules than in wild 
type.42 Therefore, the phenotype of the 
pim1-F201S mutant defective in nuclear 
transport should partially include that 
of the klp5/6 mutant, such as the reduc-
tion of microtubule dynamics. It is pos-
sible that the residual spindle defects that 
override the forced nuclear Alp7-Alp14 
localization may stem from the failure of 
Klp5-Klp6 heterodimers to accumulate in 
the nucleus. It is thus of interest to inves-
tigate how Klp5 and Klp6 accumulate in 
the nucleus during mitosis. Mitotic phos-
phorylation of Klp5 or Klp6 might allow 
their stable association, which in turn may 
inhibit nuclear exclusion by the nuclear 
export factor Crm1/Exportin-1.

Ase1: Another Putative Target  
of Ran?

A recent study indicated that the microtu-
bule-bundling factor Ase1 (Prc1 in human) 
might also enter the nucleus in a CDK1-
dependent fashion.43 Ase1 is required for 
the establishment of stable microtubule-
interdigitating regions of microtubules. 
Ase1 localizes to the overlapping zone of 
the cytoplasmic microtubule bundles and 
also to that of the spindle microtubule in 
anaphase.44,45 ase1∆ cells often exhibit a 
collapse of anaphase spindles due to the 
disorganized midzone, indicating that 
Ase1 functions as a structural pedestal for 
elongation of anti-parallel microtubule 
bundles. Intriguingly, phosphorylation of 
Ase1 by CDK1 is essential for its local-
ization to the nuclear spindle midzone in 
anaphase.43 Thus, the CDK1-dependent 
translocation of Ase1 is critical for spindle 
elongation in the upcoming anaphase, 
rather than for the spindle formation in 
early mitosis (from prophase to metaphase) 
in which Alp7 is involved. It has not been 
reported if Ase1 harbors an NLS recogniz-
able by the Importin-Ran system; it would 
be of interest to see if the pim1 mutant 
exhibits spindle collapse in anaphase and 
if it is explained by a lack of nuclear Ase1.

Functional Separation of the Alp7/
TACC and the Alp14/TOG Subunit

TACC-TOG is a highly conserved MAP 
complex. TACC is required for the 
localization of TOG at centrosomes or 
spindles in Drosophila melanogaster,33,34 
Caenorhabditis elegans35-37 and human.38 
What is the molecular function of the 
Alp7/TACC subunit in fission yeast? 
Alp7/TACC could be a regulatory sub-
unit for the spatiotemporal localization 
of the complex, whereas Alp14/TOG 
could be a catalytic subunit to execute 
microtubule/tubulin regulation. In fact, 
it was recently shown that TOG serves 
as a microtubule polymerase.39 Thus, one 
might propose that Alp7/TACC is merely 
a nuclear import factor for Alp14, as 
the intrinsic NLS of Alp7 is responsible 
for the nuclear accumulation of Alp14/
TOG.26 This does not appear to be the 
case, however, because fusion of the 
SV40-NLS to Alp14 (Alp14-NLS) does 
not suppress the mitotic defects of alp7∆ 
cells, although Alp14-NLS is capable of 
localizing to the nucleus independently 
of Alp7 (our unpublished results). This 
implies that Alp7 is more than just a 
nuclear import factor for Alp14. It will 
be intriguing to investigate whether Alp7 
is a specific recruitment factor for Alp14 
to localize to SPBs as well as a nuclear 
import factor.

Two Kinesin-8 Proteins, Klp5  
and Klp6, are also Targets of Ran

Although forced localization of Alp7 to the 
nucleus suppresses the microtubule defects 
in the pim1-F201S mutant with regard to 
microtubules assembled from the SPB, the 
recovery was not perfect; microtubules fre-
quently failed to form proper bipolar spin-
dles. This indicates that Ran targets other 
than Alp7/TACC may help establish bipo-
lar spindle formation. In fact, Klp5 and 
Klp6, two members of the conserved kine-
sin-8 family that form a heterodimer,40,41 
are also targeted by Ran. Both Klp5 and 
Klp6 individually shuttle between the 
nucleus and the cytoplasm during the 
cell cycle, and their nuclear localization 
is dependent upon their intrinsic NLSs.42 
Because these two kinesins are interde-
pendent for mitotic nuclear localization, 

Cdc2/Cdc13 for Alp7 nuclear accumula-
tion per se. To distinguish between these 
possibilities, we used the cdc2-as mutant, 
in which the kinase activity is lost in the 
presence of an ATP analog (1NM-PP1).29 
This strain enabled us to inactivate Cdc2 
activity even after mitotic entry so that we 
could overcome the technical burden we 
encountered in the cdc13 shut-off strain 
described above or in other temperature-
sensitive cdc2 mutants.

The ATP analog was added to pro-
metaphase cells, which are identified by 
the separated SPBs and also the nuclear 
accumulation of Alp7. Intriguingly, 
nuclear Alp7 dispersed immediately (≤2 
min) after addition of the ATP analog,26 
indicating that CDK1 activity is con-
tinuously required for the retention of 
Alp7 in the mitotic nucleus rather than 
only for its nuclear entry upon mitotic 
onset. Because Alp7 with a deletion of 
the NES-containing C-terminal part was 
constitutively localized in the nucleus,26 
we hypothesize that CDK1 prevents the 
export of Alp7-Alp14 from the nucleus 
via the NES during mitosis (Fig. 2). 
Notably, Alp7 with a mutant NES was 
also unable to properly bind to Alp14 
(Fig. 1D).26,27 This suggests that Alp14 
and Crm1/Exportin-1 (an export factor 
which recognizes NES) compete for the 
C-terminal domain of Alp7 and that for-
mation of the Alp7-Alp14 complex in the 
nucleus might inhibit association with 
Crm1, resulting in nuclear retention of 
the complex.

Notably, it was impossible to induce 
ectopic spindle formation even if the 
Alp7-Alp14 complex was artificially 
targeted to the nucleus in interphase. 
This suggests that other factors are also 
required for mitotic spindle formation 
including SPB positioning. In fission 
yeast, SPBs are located in the cytoplasm 
in interphase and are inserted into the 
nuclear envelope upon mitotic entry.30-

32 This allows microtubule nucleation 
inside the nucleus as well as association 
of Alp7-Alp14 with the SPB. In addition, 
localization of α/β-tubulin dimers in the 
mitotic nucleus is essential for nuclear 
spindle formation. It is not known, how-
ever, if the subcellular localization of 
tubulin dimers is regulated spatially and 
temporally.
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Open and Closed Mitoses

Ran has many targets required for spindle 
microtubule assembly, as summarized 
in Clarke and Zhang9 and in Kalab and 
Heald.8 How can we explain such diver-
sity of targets for spindle formation? We 
speculate that it could be related to the 
size and complexity of the mitotic spindle, 
as well as to the persistence of the yeast 
nuclear envelope during mitosis. The size 
of metaphase spindles varies between 10 
and 30 µm in higher eukaryotes and is  
∼2 µm in fission yeast. In higher eukary-
otes, Ran-GTP generates a molecular gra-
dient around the chromatin. The diameter 
of the Ran-GTP gradient that has the 
potential to promote spindle microtubule 
assembly in organisms that carry out open 
mitosis is comparable to the diameter of 
a fission yeast nucleus. Thus, it may be 
impossible to form a Ran-GTP gradi-
ent inside the yeast nucleus; therefore, 
Alp7/TACC, which localizes to both the 
SPB and microtubules, is an ideal candi-
date as a target of Ran to allow effective 
spindle formation from the SPB in the 
yeast nucleus. We thus envision that the 
Ran-dependent spindle-formation system 
has evolved from yeast, an organism with 
closed mitosis, and has since developed 
and diverged along with the increase in 
size and complexity of the mitotic spindle 
in open-mitosis organisms. This might be 
one of the reasons why spindle assembly in 
higher organisms is regulated by the uni-
versal nuclear transport factor, Ran, even 
though the nuclear envelope disappears 
and nuclear transport no longer operates 
during mitosis.
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